It is well established that type 2 diabetes is a risk factor for cardiovascular disease. However, it is less well known that the relative risk of cardiovascular disease in type 1 diabetes can be as much as 10-fold greater than in the healthy population, especially in women ([@B1]), being even greater than in type 2 diabetes ([@B2]). Consequently, cardiovascular disease is the major cause of mortality in type 1 diabetes ([@B2]). Diabetes results in an accelerated arteriosclerotic process, which is not fully explained by classical cardiovascular risk factors. As a result, the pathophysiological mechanisms underlying cardiovascular events in type 1 diabetes are not completely understood.

Arterial stiffness is an early sign of arteriosclerosis ([@B3]), and its study would be appropriate for investigating the arteriosclerotic mechanisms long before any cardiovascular event occurs. Arterial stiffness predicts cardiovascular events independently of classical cardiovascular risk factors in several populations (see below). Therefore, it can be assumed that it reflects the deleterious effect of all cardiovascular risk factors (known and unknown) on the arterial wall. The gold standard for measuring central arterial stiffness is aortic pulse wave velocity (aPWV), according to a recent consensus ([@B4]). aPWV independently predicts cardiovascular events and mortality in the general population, in the elderly, in hypertensive individuals, in subjects with end-stage renal failure, and in subjects with type 2 diabetes ([@B5]).

Finally, little is known regarding factors involved in the pathophysiology of arterial stiffness in type 1 diabetes. One of these factors could be low-grade inflammation. High-sensitivity C-reactive protein (hsCRP) is the most established downstream marker of low-grade inflammation and has been reported to be a strong predictor of cardiovascular outcomes ([@B6]). The primary proinflammatory cytokines interleukin (IL)-6 and tumor necrosis factor (TNF)-α are the main inducers for the hepatic synthesis of hsCRP ([@B7]). Although there is less evidence in comparison with hsCRP, both of them also have been associated with the prediction of cardiovascular outcomes ([@B8]--[@B10]). Low-grade inflammation also has been associated with the development of both micro- and macrovascular complications in type 1 diabetes ([@B11]). Indeed, low-grade inflammation impairs endothelial function and has been associated with an increase in aPWV in healthy subjects ([@B12]), in hypertensive individuals ([@B13]), and in subjects with chronic kidney disease ([@B14]) or with metabolic syndrome ([@B15]). No such evidence exists in type 1 diabetes; however, recently an activation of the TNFα system has been reported in association with an increase in brachial PP, a subrogate marker of arterial stiffness, in normotensive subjects with type 1 diabetes ([@B16]).

Our main objective was to evaluate aPWV as a measure of arterial stiffness in a group of subjects with type 1 diabetes without clinical cardiovascular disease and to explore its relationship with biomarkers of low-grade inflammation. Because the role of low-grade inflammation in the atherosclerotic process seems to be different in men and women ([@B17]), our study was stratified by sex, and the sample size was calculated taking this stratification into account.

RESEARCH DESIGN AND METHODS {#s2}
===========================

Sixty-eight patients with type 1 diabetes (34 men and 34 women), aged 18--65 years, and 68 age- and sex-matched healthy subjects were included in our study. None of them had any condition associated with an inflammatory response (e.g., acute or chronic inflammatory infectious diseases) or had received anti-inflammatory treatment in the previous 6 months. None of them had any clinical cardiovascular disease. Subjects with type 1 diabetes were consecutively recruited from our outpatient clinic, and all had at least 1 year of duration/evolution of diabetes. The control group was recruited from hospital staff members and their relatives and friends.

After an overnight fast, venous blood samples were taken, and aliquots of plasma and serum were stored at −80°C until processing. In women, all measurements were conducted during the follicular phase of the menstrual cycle. The following information was recorded using a predefined standardized form: sex, age, diabetes duration, BMI, waist-to-hip ratio, systolic and diastolic blood pressure (SBP and DBP, respectively), and mean arterial pressure (MAP; defined as 1/3 SBP + 2/3 DBP − physical activity \[International Physical Activity Questionnaire\], cigarette smoking, alcohol intake, insulin dose or the use of any other medical treatment, HbA~1c~, lipid profile, serum concentrations of hsCRP, IL-6, soluble fractions of the TNFα receptors 1 and 2 \[sTNFαR1 and sTNFαR2, respectively\], and microvascular complications \[only in the cases\]). Hypertension was defined as having blood pressure \>140/90 mmHg ([@B18]) and/or being under antihypertensive treatment. Dyslipidemia was defined as having concentrations of total cholesterol \>5.2 mmol/L, triglycerides \>1.7 mmol/L, HDL cholesterol \<1.03 mmol/L, LDL cholesterol \>3.4 mmol/L ([@B19]), and/or receiving drug treatment for dyslipidemia.

The study protocol was approved by our hospital's ethics committee and was conducted according to the principles of the Declaration of Helsinki. All subjects gave their informed consent before participating in the study.

Assessment of microvascular complications {#s3}
-----------------------------------------

Peripheral polyneuropathy was assessed through a previously described two-step protocol combining the 15-item Michigan Neuropathy Screening Instrument and a physical examination evaluation ([@B16]). Retinopathy was classified according to the data from our department database. Subjects were classified into the following three groups according to the degree of retinopathy: no retinopathy, nonproliferative retinopathy, or proliferative retinopathy. Nephropathy was evaluated by the measurement of urinary albumin excretion. Subjects with a urinary albumin-to-creatinine ratio \>3.4 mg/mmol ([@B20]), or those who previously were treated with converting enzyme inhibitors or angiotensin receptor blockers (for microalbuminuria or macroalbuminuria), were considered as having diabetic nephropathy.

Assessment of arterial stiffness {#s4}
--------------------------------

### Measurement of aPWV. {#s5}

We measured brachial blood pressure three times with the subjects in a sitting position; the mean of the last two measurements was used in all calculations. Subjects rested in the supine position, and measurements were taken immediately after the determination of blood pressure in accordance with the recommendations of the recent consensus on arterial stiffness ([@B4]). Subjects were asked to refrain from smoking and from eating or taking caffeine beverages at least 3 h before measurements. aPWV was determined by sequential applanation tonometry (Millar tonometer, SPC-301; Millar Instruments, Houston, TX) at the carotid and femoral arteries gated to a three-lead electrocardiogram using the SphygmoCor device (SphygmoCor; AtCor, Sydney, Australia). Time delay was calculated using a foot-of-the-wave method. The surface distance from the suprasternal notch to each recording site was measured. The total transit distance was calculated by subtracting the sternal notch to carotid distance from the sternal notch to femoral distance. aPWV was calculated using the total transit distance divided by the time delay. aPWVs not achieving the automatic quality controls specified by the SphygmoCor software were rejected. The mean of two aPWV measurements was taken for each subject for all calculations. Data were available for all the participants included in the study.

Laboratory analyses {#s6}
-------------------

HbA~1c~ was determined by high-performance liquid chromatography (Menarini Diagnostics, Firenze, Italy). Total serum cholesterol, triglycerides, HDL cholesterol, and LDL cholesterol were measured using standard enzymatic methods. hsCRP was determined by immunonephelometry (Siemens, Munich, Germany). IL-6 was determined by enzyme-linked immunosorbent assay (R&D Systems, Oxon, U.K.) as were sTNFαR1 (Hycultbiotech, Uden, The Netherlands) and sTNFαR2 (R&D Systems).

Statistical analyses {#s7}
--------------------

We calculated that the number of subjects needed to find a difference of 0.5 m/s in aPWV between men and women with type 1 diabetes and their respective control subjects would be 34 in each of the four groups (α = 0.05 and β = 20%). Data are presented as percentages, means (SD) for variables normally distributed, or medians (interquartile range) for variables not normally distributed. All data were tested for normality using the Kolmogorov-Smirnov test. To improve skewedness and kurtosis, variables not normally distributed were log transformed. The analyses were performed stratified by sex. Differences between patients with type 1 diabetes and control subjects were analyzed using the χ^2^ test for comparisons of proportions and unpaired *t* tests or Mann-Whitney *U* tests for comparisons of quantitative variables, as needed. In both men and women, we assessed the potential relationships between arterial stiffness and all inflammatory-related serum proteins evaluated through univariate, nonparametric correlations and linear regression models to adjust for potential confounders. Variables for linear regression analyses were selected based on univariate correlation analyses and those variables known or likely to be associated with arterial stiffness. In the final model, the variables included for both sexes were age, smoking status, physical activity, hypertension (no/yes), dyslipidemia (no/yes), BMI, MAP, total cholesterol, log triglycerides, logHDL cholesterol, type 1 diabetes, and low-grade inflammation. Because inflammatory-related serum proteins only were measured once, the association (if any) of low-grade inflammation with arterial stiffness would tend to be underestimated. To address this issue, a *z*score was calculated for each inflammatory-related serum protein evaluated as the following: (value in the individual − mean value in the study population)/SD. Subsequently, the low-grade inflammation general score was calculated as the following: (*z* score of hsCRP + *z* score of IL-6 + *z* score of sTNFαR1 + *z* score of sTNFαR2)/4. In addition, it is reasonable to consider that the integrated information obtained using these four selected proinflammatory markers is better than if we had used each parameter separately. The IBM SPSS Statistics (version 19 for Macintosh; IBM, Armonk, NY) was used for all calculations. All *P* values were two sided, and a *P* value \<0.05 was considered statistically significant.

RESULTS {#s8}
=======

We evaluated 68 patients with type 1 diabetes and 68 age- and sex-matched healthy subjects (*n* = 136). Their clinical and analytical characteristics are shown in [Table 1](#T1){ref-type="table"} for men and [Table 2](#T2){ref-type="table"} for women. Of 136 subjects, 8 were on antihypertensive drugs (7 patients and 1 control subject), 15 were on statins (14 patients), and 6 were on antiplatelet drugs (all with diabetes). A total of 13 patients were on levothyroxine treatment (8 with diabetes; range dose 25--150 μg/day), but all had normal serum concentrations of thyroxin and thyrotropin.

###### 

Clinical characteristics of study population (men)

![](1083tbl1)

###### 

Clinical characteristics of study population (women)

![](1083tbl2)

Subjects with type 1 diabetes, compared with healthy control subjects, showed higher values of fasting plasma glucose and HbA~1c~. Men with type 1 diabetes were more hypertensive than control subjects and had higher values of SBP. Women with type 1 diabetes presented higher BMI values. Subjects with type 1 diabetes presented a better nonsignificant lipid profile than control subjects, probably as a result of the significant number of patients treated with statins.

Subjects with type 1 diabetes (men and women) had a higher aPWV compared with their respective control subjects (men: 6.9 m/s \[6.5--7.9\] vs. 6.3 m/s \[5.7--6.7\], *P* \< 0.001; women: 6.4 m/s \[5.9--7.5\] vs. 6.0 m/s \[5.3--6.7\], *P* = 0.023). These differences remained significant after adjusting for classical cardiovascular risk factors (age, physical activity, smoking status, hypertension, dyslipidemia, and BMI) in both sexes (men: *P* = 0.001; women: *P* = 0.025). Men with type 1 diabetes showed higher serum concentrations of hsCRP, IL-6, sTNFαR1, and sTNFαR2 ([Table 1](#T1){ref-type="table"}). Women with type 1 diabetes only had higher concentrations of IL-6 ([Table 2](#T2){ref-type="table"}).

In type 1 diabetes, univariate correlations showed that aPWV correlated positively with age, BMI, waist, waist-to-hip ratio, SBP, MAP, and total and LDL cholesterol ([Table 3](#T3){ref-type="table"}). In healthy subjects, aPWV was associated with age, BMI, waist, total and LDL cholesterol, and fasting plasma glucose. In men with type 1 diabetes, aPWV correlated positively with hsCRP (*r* = 0.389; *P* = 0.031) and IL-6 (*r* = 0.447; *P* = 0.008). However, no significant association between aPWV and inflammatory-related serum proteins was found in healthy control subjects (men and women) or in women with type 1 diabetes. In women with type 1 diabetes, aPWV correlated positively with diabetes duration (*r* = 0.538; *P* = 0.001). No association between aPWV and chronic diabetes complications was found either in men or women.

###### 

Spearman correlation coefficients for the association between aPWV and cardiovascular risk factors and low-grade inflammation (stratified for diabetes status and sex)
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To evaluate the main predictors of aPWV, multiple linear regression analyses were performed. Inflammatory-related serum proteins were tested in all these models as well as the low-grade inflammation general score previously described. In men, the best multiple linear regression model showed that the independent predictors of aPWV were age, BMI, type 1 diabetes, and the low-grade inflammation general score (*R*^2^ = 0.543; *P* \< 0.001). In women, age, BMI, MAP, and type 1 diabetes were the independent predictors for aPWV (*R*^2^ = 0.550; *P* \< 0.001) ([Table 4](#T4){ref-type="table"}). Even after adjusting for metabolic control (logHbA~1c~) these results did not change.

###### 

Independent aPWV predictors for the whole population (by sex)
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CONCLUSIONS {#s9}
===========

The main finding of the current study is that arterial stiffness (assessed as aPWV) is increased in subjects with type 1 diabetes compared with age- and sex-matched healthy subjects, even after controlling for classic cardiovascular risk factors. Of note is the fact that our study suggests an association, for the first time, between arterial stiffness and low-grade inflammation in men with type 1 diabetes.

Our results confirm, and reinforce in a larger population, previous studies showing an increase in arterial stiffness assessed as aPWV in adult subjects with type 1 diabetes when compared with healthy subjects ([@B21],[@B22]). We also found that patients with type 1 diabetes have higher concentrations of inflammatory-related serum proteins than healthy control subjects, as previously reported in several studies ([@B23],[@B24]). Men with type 1 diabetes had higher concentrations of hsCRP, IL-6, sTNFαR1, and sTNFαR2 than their control subjects. However, women only showed differences for IL-6. Despite these discrepancies, we found no differences between sexes within the same group. Previous studies have found higher inflammatory parameters in type 1 diabetic women than in men ([@B24]--[@B26]). Nevertheless, other authors have failed to report such differences, which agrees with our results ([@B27]--[@B29]).

Our study shows, for the first time, an association between arterial stiffness and low-grade inflammation in subjects with type 1 diabetes. We have observed that men with type 1 diabetes have higher aPWV and higher concentrations of inflammatory-related serum proteins than control subjects. When we adjusted these data, a general score of low-grade inflammation was an independent predictor of aPWV, taking into account diabetes status. Similar associations between aPWV and inflammatory-related serum proteins have been previously reported in healthy individuals ([@B12]), in hypertensive subjects ([@B13]), in subjects with chronic kidney disease ([@B14]), and in individuals with metabolic syndrome ([@B15]) for both sexes. However, we only observed this association in men. Tsioufis et al. ([@B30]) reported similar results in hypertensive patients. They found that hsCRP and adiponectin were independent predictors of aPWV only in men. Colhoun et al. ([@B31]) reported that hsCRP was independently associated with coronary artery calcification (a validated measure of coronary atherosclerosis) only in men with type 1 diabetes. These results indicate that more studies are needed to elucidate the potential gender differences in the pathophysiology of cardiovascular disease in type 1 diabetes.

The exact mechanisms responsible for the increase in arterial stiffness in type 1 diabetes are not fully understood but are likely to reflect a complex interaction between structural and functional changes in the arterial wall. The structural changes are characterized by an overproduction of abnormal collagen and diminished quantities of normal elastin ([@B32]). Our results suggest that low-grade inflammation could play a role in the increase of arterial stiffness in type 1 diabetes. However, other mechanisms, such as the accumulation of advanced glycation end products and endothelial dysfunction, also could be involved ([@B32]).

Low-grade inflammation has been associated with the presence of a worse cardiovascular profile ([@B33]) and the presence of micro- and macrovascular complications in subjects with type 1 diabetes ([@B11]). Prospective studies also have demonstrated the predictive value of low-grade inflammation in the development of chronic complications in this disease ([@B34]). Our study would be in agreement with these results, arterial stiffness being an early sign of arteriosclerosis.

aPWV predicts cardiovascular events and total and cardiovascular mortality in the general population, in the elderly, in patients with hypertension, in subjects with end-stage renal failure, and in subjects with type 2 diabetes ([@B5]). The independent predictive value of arterial stiffness has been demonstrated after adjustment for classical cardiovascular risk factors. This suggests that arterial stiffness measurement could add a value to the classical cardiovascular risk factors in the prediction of cardiovascular risk ([@B35]). This may be explained by the fact that arterial stiffness integrates the damage of cardiovascular risk factors (classical and nonclassical) on the aortic wall over a long period of time, whereas cardiovascular risk factors can fluctuate in time, and their values, recorded at the time of risk assessment, may not reflect their real impact in damaging the arterial wall ([@B4]). However, prospective studies are needed to establish the prognosis value of aPWV in subjects with type 1 diabetes regarding cardiovascular events. To the best of our knowledge, only one recent prospective study has evaluated the relationship between central arterial stiffness and the prediction of cardiovascular events in type 1 diabetes. This study showed that central PP was more strongly associated with the prediction of cardiovascular events than AIx, but neither data on aPWV nor markers of low-grade inflammation were reported ([@B36]).

The major limitation of our study is its cross-sectional design, which makes it impossible to determine the temporal ordering of the association between arterial stiffness and increased levels of inflammatory-related serum proteins. In addition, its observational design does not allow us to ensure complete control of all the potential (unknown) confounding factors. The concentrations of the inflammatory-related serum proteins were measured only once, which might underestimate the association between them and arterial stiffness. Nevertheless, it should be noted that the low-grade inflammation general score was independently associated with aPWV in the multiple regression analyses.

In conclusion, our study demonstrates that aPWV is increased in subjects with type 1 diabetes compared with age- and sex-matched healthy subjects, even after controlling for classical cardiovascular risk factors. This suggests that the measurement of arterial stiffness could provide some additional information regarding cardiovascular risk in type 1 diabetes. Finally, our study shows, for the first time, that arterial stiffness is associated with an increase in inflammatory-related serum proteins in men with type 1 diabetes. Our findings suggest that arterial stiffness measurement is a useful tool for detecting subclinical arteriosclerosis and making a better cardiovascular prediction in type 1 diabetes. Additional studies exploring not only the link between arterial stiffness and low-grade inflammation but also its potential therapeutic implications are needed.
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